Background-Obesity is associated with an increased risk of developing microangiopathy, hypertension, and insulin resistance. We hypothesized that obesity is a primary cause of microvascular dysfunction, which may contribute to the development of these obesity-related disorders. Methods and Results-We examined microvascular function in 16 lean (body mass index Ͻ24 kg/m
T he current obesity epidemic implies that obesity is becoming an increasingly important risk factor for cardiovascular disease. 1, 2 This is the case not only for large-artery disease, such as myocardial infarction and stroke, 1, 3 but also for disease entities that are caused wholly or in part by microangiopathy, notably retinopathy, nephropathy, and heart failure. 4 -7 How obesity causes large-artery disease and microangiopathy is poorly understood. In part, these may be the consequences of obesity-associated hypertension, insulin resistance, and dyslipidemia, but these risk factors cannot entirely explain the association of obesity with large-artery disease and microangiopathy. 5, 6 We hypothesized that obesity may be a primary cause of microvascular dysfunction and that this has several pathophysiological consequences. First, it may constitute a pathway through which obesity increases blood pressure and decreases insulin sensitivity. In addition, it may directly contribute to obesity-associated microangiopathy. Indeed, there is some evidence that measures of obesity in healthy individuals are associated with impaired microvascular function. 8 In addition, microvascular dysfunction has been shown to increase peripheral vascular resistance and antedate the development of hypertension, indicating a role for microvascular dysfunction in the development of hypertension. 9 -11 Finally, microvascular dysfunction in the basal state and during hyperinsulinemia has been proposed to partially explain defects in the ability of insulin to increase glucose uptake in insulin-resistant states such as hypertension and obesity, 12, 13 because impaired recruitment of nutritive capillaries in muscle during physiological hyperinsulinemia may impair glucose delivery and uptake. 14 In view of these considerations, we hypothesized that obesity is characterized by impaired microvascular function in the basal state and during physiological hyperinsulinemia and that such impairments may contribute to the development of obesity-associated microangiopathy, hypertension, and insulin resistance. To investigate this, we examined microvascular function in the basal state and during physiological hyperinsulinemia in lean and obese women.
Methods

Subjects
We included 16 lean (body mass index Ͻ24 kg/m 2 ) and 12 obese (body mass index Ͼ30 kg/m 2 ) women. Volunteers were recruited through advertisements in newspapers. Participants were healthy as judged by medical history, nondiabetic, 15 normotensive (Ͻ140/ 90 mm Hg) as determined by triplicate office blood pressure measurement, nonsmokers, and they did not use any medication except oral contraceptives. All participants gave informed consent for participation in the study. The study was undertaken with approval of the local ethics committee and performed in accordance with the Declaration of Helsinki.
Study Design
All individuals underwent the study protocol as shown in Figure 1 . All measurements were conducted in a fasting state on an outpatient basis in a quiet, temperature-controlled room (23.4Ϯ0.5°C) and after 30 minutes of acclimatization. The 0.65% saline infusion served as a control for a study of the effects of a lipid infusion on microvascular function; these results are not reported in the present article.
Hyperinsulinemic, Euglycemic Clamp
Insulin sensitivity was determined with the hyperinsulinemic, euglycemic clamp method as described previously, 16 with an insulin infusion rate of 40 mU · m Ϫ2 · min Ϫ1 . The M-value is defined as the glucose infusion rate during the second hour of the clamp expressed per kilogram of body weight. The M/I value is the M-value expressed per unit of plasma insulin concentration. A time-and volume-control study was performed in an identical manner at a later date.
Skin Microvascular Measurements
Nailfold capillary studies were performed as described previously. 8, 13, 17 Briefly, nailfold capillaries in finger skin were recorded before and after 4 minutes of arterial occlusion with a digital cuff. This procedure was performed twice, and the mean of both measurements was used for analyses. We estimated baseline capillary density by counting the number of continuously erythrocyte-perfused capillaries during a 15-second period. Other capillaries can be seen to be intermittently perfused, and these may represent an important functional reserve. We used postocclusive reactive hyperemia to estimate this functional reserve. Postocclusive capillary recruitment was calculated by dividing the increase in density by the baseline density. The day-to-day coefficient of variation of postocclusive capillary recruitment was 15.9Ϯ8.0%, as determined in 10 individuals on 2 separate days.
Microvascular endothelium-(in)dependent vasodilation was evaluated with laser Doppler flowmetry together with iontophoresis of acetylcholine (ACh) and sodium nitroprusside (SNP) as described previously. 8, 13, 17 The day-to-day coefficient of variation was 12.2Ϯ9.7% for ACh-mediated vasodilation and 16.4Ϯ8.1% for SNP-mediated vasodilation, as determined in 10 individuals on 2 separate days. To exclude possible nonspecific microvascular reactivity, we studied the effects of hyperinsulinemia on vehicle responses of ACh (mannitol 3%) and SNP (water for injection).
Blood Pressure
Ambulatory 24-hour blood pressure monitoring (Spacelabs 90207) was performed as described previously. 8, 13 One of the obese women did not complete the measurement because of intolerance to the continuous presence of the cuff around the arm. During study days, blood pressure measurements were determined as depicted in Figure  1 (Colin Press-Mate BP-8800). The average of 3 measurements during each period was used for further analyses.
Statistical Analyses
Data are expressed as meanϮSD or median (interquartile range) as appropriate. To examine differences in microvascular function between lean and obese women, we used the mean of 2 microvascular measurements, ie, the first 2 measurements on the insulin study day ( Figure 1 ). (The use of the mean of the first 2 microvascular measurements on the saline study day gave similar results.) For analysis of associations, we used the mean of 4 microvascular measurements, ie, the first 2 measurements on both the insulin and saline study days ( Figure 1 ).
The distribution of variables was tested for normality. A nonpaired Student's t test was used to compare lean with obese women and a paired Student's t test to compare insulin with saline infusion. The Wilcoxon signed-rank test for 2 related samples was used to examine insulin-mediated effects on vehicle responses. Multiple regression analysis was used to investigate confounding by systolic blood pressure, blood lipid concentrations, oral contraceptive use, or menstrual phases and to study associations with adjustment for age. Interaction analysis was performed to study whether associations were different between lean and obese women. A 2-tailed probability value of PϽ0.05 was considered significant.
Results
Characteristics of Lean and Obese Women
Obese women had lower HDL cholesterol and higher triglyceride, free fatty acid, insulin, and glucose concentrations and were more insulin resistant than lean women (Table 1) . Although all individuals were normotensive, systolic blood pressure was higher in obese women.
Metabolic and Hemodynamic Variables Before and During Insulin and Saline Infusion in Lean and Obese Women
Compared with saline infusion, blood glucose concentrations increased during insulin infusion in lean women, because glucose concentrations were clamped at 5 mmol/L (0.6Ϯ0.6 versus Ϫ0.1Ϯ0.9 mmol/L, PϽ0.05) ( Table 2 ). Design of study. Microcirculation indicates microvascular measurements; BP, blood pressure measurements; X, blood sample. For comparison between lean and obese women, insulin and FFA concentrations are mean of 6 measurements at tϭ0, 60, 120, and 180 minutes on insulin study day and tϭ0 and 180 minutes on saline study day. Glucose concentrations are mean of 4 measurements at tϭ0 and 180 minutes on both study days. For analyses within both study days, insulin and glucose concentrations are mean of concentrations at tϭ0 and 180 minutes. Insulin concentrations during clamps are measured at tϭ300 minutes.
Microvascular Function Is Impaired in Obese Compared With Lean Women
There were no differences in baseline perfused capillary density between lean and obese women (Table 3) . Postocclusive capillary recruitment was diminished in obese women (PϽ0.05) (Table 3; Figure 2 ). Iontophoresis of ACh induced a lower relative increase in perfusion in obese than in lean women (PϽ0.05). SNP-mediated vasodilation was not different between the 2 groups (Pϭ0.7).
Compared with lean women, obese women had dyslipidemia and increased systolic blood pressure ( Figure 3 shows that decreased capillary recruitment and ACh-mediated vasodilation were associated with both increased 24-hour systolic blood pressure and decreased insulin sensitivity in lean and obese women. Interaction analysis indicated that these associations were not significantly influenced by the presence of obesity (data not shown). The use of the M value instead of the M/I value did not lead to different conclusions (data not shown). Figure 2 ). Although these insulin-induced increases in postocclusive capillary recruitment were not significantly Similar results were obtained if absolute increases in capillary density and perfusion during iontophoresis of ACh, SNP, and vehicles of both substances were used instead of relative increases (data not shown).
Microvascular Function Is Associated With Blood Pressure and Insulin Sensitivity in Lean and Obese Women
Insulin-Induced Changes in Microvascular
Skin temperature and insulin-mediated changes in skin temperature during microvascular measurements did not differ between lean and obese women (data not shown).
Discussion
The central new finding of this study is that obese, compared with lean, women are characterized by impaired skin microvascular function in the basal state and during physiological hyperinsulinemia. Specifically, we show that in obese women, postocclusive capillary recruitment and microvascular endothelium-dependent vasodilation are decreased; that the insulininduced increase of microvascular endothelium-dependent vasodilation is abolished; and that, although the insulin-induced increase in postocclusive capillary recruitment is preserved, net postocclusive capillary recruitment during hyperinsulinemia is impaired. In addition, we found that impaired microvascular function is associated with decreased insulin sensitivity and increased blood pressure in both lean and obese women. These findings are consistent with a role for microvascular dysfunction in the development of obesity-related microangiopathy, hypertension, and insulin resistance. Our finding of an inverse relationship between microvascular function and blood pressure in both obese and lean women is consistent with a role for microvascular dysfunction in the development of hypertension in obesity and extends previous findings in patients with borderline hypertension, 11 in normotensive and hypertensive lean individuals, 8, 13 and in individuals with a familial predisposition to hypertension. 10 Our study was cross-sectional, and we therefore cannot exclude the possibility that microvascular dysfunction was the result of small increases in blood pressure. However, the fact that differences in blood pressure could explain at most a small part of the differences in microvascular function between lean and obese women strongly suggests that presence of obesity is a more important predictor of microvascular dysfunction than blood pressure per se.
We are the first to demonstrate that obesity is associated with microvascular dysfunction both in the basal state and during hyperinsulinemia and that this microvascular dysfunction is related to insulin resistance. These results are consistent with but do not prove a causal link between microvascular dysfunction and impairment of insulin-mediated glucose uptake. Our findings are in agreement with previous studies in resistance vessels. 18, 19 However, these studies measured changes in total limb blood flow, whereas recent studies in rats and humans have demonstrated the importance of the microvascular distribution pattern rather than total blood flow. 14 According to this concept, 14 insulin redirects blood flow from nonnutritive vessels to nutritive capillary beds, thereby increasing access of glucose and insulin to muscle cells, independently of changes in total blood flow. Indeed, in rat muscle, infusion of Intralipid or tumor necrosis factor-␣ (TNF-␣) impairs both insulin-induced capillary recruitment and glucose uptake. 20, 21 In addition, obese Zucker rats are characterized by both impaired insulin-induced glucose uptake and impaired capillary perfusion in the basal state de Jongh et al Impaired Microvascular Function in Obesityand during hyperinsulinemia. 12 We now show that this concomitant impairment in insulin sensitivity and microvascular function in the basal state and during hyperinsulinemia is also present in obese women. We also show that microvascular dysfunction in the basal state was significantly associated with reduced insulin-induced glucose uptake in lean and obese women. The latter finding extends previous observations in normotensive and hypertensive individuals. 8, 13 Taken together, these data are consistent with a role for microvascular dysfunction in the development of insulin resistance in obesity. In obese women, the insulin-induced increase of microvascular endothelium-dependent vasodilation was abolished, but the insulin-induced increase in postocclusive capillary recruitment was preserved (Figure 2) . The explanation for this discrepancy is not entirely clear. The stimulus used in postocclusive capillary recruitment (ie, increased flow) differs from that used in microvascular endothelium-dependent vasodilation (ie, ACh), and insulin-induced changes in the responses to these stimuli may be differentially sensitive to obesity. In addition, capillary perfusion is thought to be regulated not only by precapillary arteriolar tone and arteriolar vasomotion 14 but also by the characteristics of the capillary network itself. 22 The pathophysiological mechanism behind the relationship between obesity and microvascular dysfunction is probably multifactorial. Adipose tissue secretes substances, such as FFAs, TNF-␣, and adiponectin, that can influence microvascular function. An increase in FFAs impairs vascular function in resistance vessels in humans 23, 24 and in microvasculature in rats. 21 Fasting FFA levels were not associated with microvascular function in the present study, but this does not exclude a role for FFA dynamics in modulating microvascular function. In addition, in rats, acute TNF-␣ elevation impairs insulin-induced capillary recruitment and glucose uptake, 20 and in humans, it concomitantly impairs insulin-induced endothelium-dependent vasodilation in resistance vessels and glucose uptake. 25 Adiponectin levels are reduced in obesity, 26 and adiponectin has a vasoprotective effect, as demonstrated by associations between hypoadiponectinemia and impaired endothelial function in resistance vessels. 27, 28 At this point, it should be emphasized that the cross-sectional design of our study does not exclude the possibility that there are as yet unmeasured variables that (in part) explain the association between obesity and microvascular dysfunction, such as physical fitness or diet. These possibilities require further studies. 
